The ability of curcumin, a natural antioxidant isolated from Curcuma longa, to inhibit hydrogen peroxide (H 2 O 2 )-induced cell damage in NG108-15 cells was examined. When added simultaneously with 500 m mM H 2 O 2 , curcumin (25-100 m mM) effectively protected cells from oxidative damage. However, when the cells were pretreated with curcumin (25-100 m mM) for 1.5 h before H 2 O 2 exposure, curcumin was unable to inhibit H 2 O 2 -induced cell damage. Instead, it caused a significant concentration-dependent decrease in cell viability after H 2 O 2 exposure. This dual action of curcumin suggests that pretreatment with curcumin by itself did not have any significant effect on the viability of the NG108-15 cells, but it sensitized them to oxidative damage induced by H 2 O 2 under our experimental conditions. It appears that these events may not relate to the antioxidant and free radical scavenging activities of curcumin.
Reactive oxygen species (ROS) from both endogeneous and exogeneous sources play an important role in the pathogenesis of neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease and stroke. Diets rich in fruits and vegetables are associated with a reduced risk for these pathological conditions, and the protective effect has been attributed to antioxidant micronutrients such as vitamin C, bcarotene, and vitamin E. 1) However, scientific attention has recently also been focused on the significance of other minor dietary components, such as natural polyphenolic compounds, as protective agents against diseases. Natural phenolic antioxidants from medicinal or edible plants have recently received much attention as promising agents for reducing the risk of oxidative stress-induced diseases. Curcumin is a famous biologically active phenolic compound that is derived from a medicinal plant, Curcuma longa; it is also used as a natural yellow pigment. Curcumin has been reported to scavenge superoxide anions 2) and nitric oxide radicals. 3) Its antioxidant properties have been shown in tests in the following models: oxidation of linoleic acid in air 4) and in water-alcohol, 5) and in vitro antilipid peroxidation of rat brain 6) and liver. 7) Recently, curcumin has been shown to exhibit anti-inflammatory, 8) immunomodulating, 9) anticarcinogenic, 10, 11) and anti-atherogenic 12) activities. As curcumin possesses strong antioxidant activity, it is thought that curcumin can protect neuronal cells from oxidative stress-induced damage. In the present study, we aimed to investigate the protective effect of curcumin against hydrogen peroxide-induced cell damage in NG108-15 cells, and we obtained results contradictory to those we expected.
MATERIALS AND METHODS

Materials
The following reagents were purchased from indicated sources: aminopterin from Sigma Chemical Co. Cell Cultures NG108-15 cells were continuously cultured using the method described previously, 13) with minor modifications. Briefly, the cells were cultured in Dulbecco's Modified Eagle's Medium supplemented with 4% fetal bovine serum, 100 mM hypoxanthine, 16 mM thymidine, 1 mM aminopterin and 1 mg/ml minomycin. The culture medium was changed every 2-3 d. All cultures were maintained at 37°C under 10% CO 2 with 95% relative humidity. For experiments, cells were plated onto 3.5-cm polyornithine-coated plates and used after 3-4 d of incubation.
H 2 O 2 -Induced Oxidative Cell Damage in NG108-15 Cells Curcumin was first dissolved in dimethyl sulfoxide (DMSO) and later mixed with the culture medium to give a final concentration of 12.5, 25, 50, or 100 mM curcumin with a DMSO concentration of 0.5% v/v. DMSO was also present at this level in control cells not treated with test compounds.
For co-incubation with curcumin and H 2 O 2 (Method A), in order to induce cell damage, the cells were incubated in culture medium containing 500 mM H 2 O 2 and 0.05% trypan blue with or without various concentrations of curcumin (12.5-100 mM) for 3 h. Then, cell viability was measured by the trypan blue exclusion method and expressed as the percentage of unstained cells among the total cells.
For pretreatment with curcumin prior to H 2 O 2 exposure (Method B), NG108-15 cells were pretreated with medium containing various concentrations of curcumin (12.5-100 mM). After 1.5 h of this pretreatment, the cells were washed twice with phosphate buffered saline (PBS) to remove the unabsorbed compounds. Then, culture medium containing 500 mM H 2 O 2 and 0.05% trypan blue was added. After 3 h of incubation, the cell viability was evaluated as described above. Parallel negative controls consisting of DMSO at the final concentration of 0.5% v/v were used in all test experiments. In the cell viability test, FK506, an immunosuppressive immunophilin ligand, was used as a reference stan- 2 (100, 250, 500 or 750 mM) . Following 3 h of incubation after H 2 O 2 challenge, cell viability was determined. The results showed that H 2 O 2 significantly reduced cell viability in a concentration-dependent manner with an IC 50 of about 500 mM. At this concentration, the cell viability was about 55% of the control viability (Fig. 1) . Therefore, for subsequent protection experiments, we used 500 mM as the concentration of H 2 O 2 .
When FK506, an immunosuppressive immunophilin ligand, was added simultaneously with H 2 O 2 , it caused a concentration-dependent increase in cell viability from 100 to 1000 nM ( Fig. 2A) . When curcumin was added together with H 2 O 2 , it significantly increased the viability of NG108-15 cells in a concentration-dependent manner at 25-100 mM compared to treatment with H 2 O 2 alone (Fig. 2B) . It is possible that the protective effect of curcumin against the H 2 O 2 -induced decrease in cell viability was due to a direct reaction of curcumin with H 2 O 2 or free radicals derived from H 2 O 2 in the cell culture medium before they could react with the cells. To test for this possibility, the protective effect of curcumin was investigated in method B.
It was found that pretreatment with FK506, a reference compound, at 100-1000 nM still caused a significant protective effect against H 2 O 2 (Fig. 3A) . However, pretreatment with curcumin caused unexpected effects: curcumin pretreatment was unable to protect NG108-15 cells from H 2 O 2 -induced oxidative damage. Instead, it caused a significant decrease in cell viability after H 2 O 2 exposure in a concentration-dependent manner (25-100 mM), as shown in Fig. 3B . In the present study, we used DMSO as a solvent for curcumin. DMSO is recognized as having relatively effective hydroxyl radical scavenging activity. Removal of free radicals by DMSO may contribute to the protective effect of curcumin. To minimize the effect of DMSO and to demonstrate the true effects of curcumin, the concentration of DMSO that we added to our cultures was relatively low: 0.5% v/v final concentration. Our preliminary results revealed that this concentration of DMSO had no effect on cell viability and did not show any protective effect against H 2 O 2 -induced oxidative damage on NG108-15 cell in all of the experiments (data not shown).
DISCUSSION
In the present study, we chose H 2 O 2 to induce oxidative cell damage in our cultures because: 1) oxidative stress is believed to be an important mediator of neuronal cell death, and has been postulated to contribute to the pathogenesis of various neurodegenerative diseases; 2) H 2 O 2 is a precursor of highly oxidizing, tissue-damaging radicals such as hydroxyl radicals, and is known to be toxic to many systems; 3) among a great variety of reactive oxygen species, H 2 O 2 plays a pivotal role because it is generated from nearly all sources of oxidative stress; 4) exogeneous H 2 O 2 can enter the cells and induce cytotoxicity due to its high membrane permeability. 1) In the present study, we evaluated the protective effect of curcumin on H 2 O 2 -induced cell damage in NG108-15 cells. Since NG108-15 cells are a neuroblastoma-glioma hybrid cell line, they have both neuronal and glial properties and have been widely used as a neuron model in electrophysiology and pharmacology research. 14, 15) When added simultaneously with 500 mM H 2 O 2 , curcumin significantly protected NG108-15 cells against H 2 O 2 -induced cell damage in a concentration-dependent manner at 25-100 mM, compared to treatment with H 2 O 2 alone. Hydrogen peroxide is believed to cause cell damage by reacting with the cell membrane, resulting in lipid peroxidation of the membrane. In addition, H 2 O 2 can easily cross the cell membrane and exerts injurious effects on tissues by a number of different mechanisms, such as perturbing intracellular calcium homeostasis, 16) decreasing intracellular ATP, 17) inducing DNA damage, 18) and inducing apoptosis. 19) Several studies in recent years have shown that curcumin is a powerful scavenger of superoxide anion, 2, 20) hydroxyl radical 2) and nitric oxide.
3) Curcumin was found to inhibit lipid peroxidation and lysis in mouse red blood cells challenged with H 2 O 2 .
21) Recently, a protective effect of curcumin on H 2 O 2 -induced cell damage in human keratinocytes and human fibroblasts was reported. 22) It is possible that the protective effect of curcumin against the H 2 O 2 -induced decrease in cell viability may at least partly result from its antioxidant and free radical scavenging properties.
Pretreatment with curcumin was unable to protect NG108-15 cells from H 2 O 2 -induced oxidative damage, and instead caused a significant decrease in cell viability after H 2 O 2 exposure in a concentration-dependent manner (25-100 mM). Previous studies 23) showed that incubating rat peritoneal macrophages with 5, 10, and 50 mM curcumin results in intracellular concentrations of 4.62, 8.82, and 44.35 mM curcumin, respectively. This result indicates that curcumin can diffuse freely into the cells. Exposure to curcumin alone at the highest concentration (200 mM), however, did not alter cell viability over an incubation period of 1.5 or 3 h in comparison with that of non-H 2 O 2 -treated control cells, indicating that pretreatment with curcumin did not cause significant cytotoxic effects on the cells under normal conditions. It is possible that curcumin is taken up by cells and then elicits change that increases the susceptibility of cells to oxidative stress induced by H 2 O 2 .
Curcumin shows antioxidant and free radical scavenging activities, which are usually considered to protect cells from oxidative stress. However, some of antioxidants are known to act as pro-oxidant under the appropriate conditions. Curcumin has been reported to induce significant DNA damage, by free radical generation, under certain experimental conditions. 24, 25) These damaging events were prevented by pretreatment of the cells with the antioxidant a-tocopherol.
Apoptosis, also known as programmed cell death, is a form of cell death that occurs in several pathological situations and contributes to cell replacement, tissue modeling and the removal of damaged cells. Recently, it has been demonstrated that curcumin induces apoptosis in several tumor cell lines. 26) Although its precise mode of action has not been clearly elucidated, some studies have shown that curcumin may induce apoptosis by activation of caspase activity and inducing cytochrome C release. 27, 28) Cellular glutathione (GSH) plays an important role in protection against oxidative stress-induced injury. Depletion of GSH levels has been shown to enhance susceptibility to oxidative stress induced cytotoxicity. 29, 30) It has been reported that curcumin is a potent inhibitor of glutathione S-transferase in human melanoma cells. 31) Up to about 50% of GSH depletion was found after treatment with curcumin. Recently, curcumin has been reported to decrease cellular GSH levels in rat hepatocyte 32) and Jurket-T lymphocyte cells 33) by direct conjugation with GSH. It is proposed that pretreatment with curcumin may cause DNA damage, apoptosis induction and glutathione depletion in NG108-15 cells under ours experimental conditions, and these effects may sensitize the cells to oxidative stress induced by H 2 O 2 . Nevertheless, further investigation will be required to clarify the mechanism underlying the sensitization effect of curcumin in the present study.
In conclusion, we demonstrated that when added simultaneously with 500 mM H 2 O 2 , curcumin effectively protected cells from oxidative damage. However, when the cells were pretreated with curcumin for 1.5 h before H 2 O 2 exposure, curcumin was unable to inhibit H 2 O 2 -induced cell damage. Instead, it caused a significant concentration-dependent decrease in cell viability after H 2 O 2 exposure. These dual actions of curcumin suggest that pretreatment with curcumin does not cause any significant effect on the viability of the cells, but does sensitize them to oxidative damage induced by H 2 O 2 under our experimental conditions. However, these events do not appear to be related to the antioxidant or free radical scavenging activities of curcumin.
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